Objective To determine the association between concentration of prostate specific antigen (PSA) at age 40-55 and subsequent risk of prostate cancer metastasis and mortality in an unscreened population to evaluate when to start screening for prostate cancer and whether rescreening could be risk stratified.
Introduction
Screening for prostate cancer with the prostate specific antigen (PSA) test became widespread long before the availability of randomised evidence as to its value. There is now evidence that PSA screening is associated with reduced mortality from prostate cancer in men who would not otherwise be screened, 1 2 although this comes at considerable harms in terms of the number of men who need to be screened, undergo biopsy, and be treated to prevent one man experiencing prostate cancer metastasis or dying.
That said, PSA screening is not a single intervention and men can be screened in different ways. There is surprisingly little evidence to support many aspects of contemporary screening guidelines. In particular, the age at which screening starts and the frequency of PSA testing is rarely justified in terms of empirical data. Recent evidence has suggested that a single PSA measurement can predict the long term risk of clinically relevant prostate cancer. [3] [4] [5] [6] This suggests that a baseline concentration could be used to determine whether a man might benefit from subsequent PSA tests and, if so, when these should be administered.
We used data from the Malmö Preventive Project cohort to develop an evidence based schema for prostate cancer testing. We retrospectively analysed PSA in previously unthawed, archived, anticoagulated blood plasma obtained at baseline from a large highly representative population based cohort of men who had not been screened for PSA and had been followed for 25-30 years. As such, the cohort provides a "natural experiment" for investigating the association between PSA and long term prostate cancer outcomes.
Using this cohort, we previously showed that PSA concentration at age 60 can predict the risk of death from prostate cancer by age 85 (AUC of 0.90). In particular, the 25 year risk of death from prostate cancer in men with PSA below the median (≤1 µg/L) is low (0.2%) and suggests that half of the men at age 60 could be exempt from further screening. 7 We determined the risk of metastasis or death from prostate cancer within 25-30 years based on PSA measured close to the time when screening is normally recommended to begin. As there was little screening for prostate cancer in our cohort, these results can be used to determine which men are most likely to benefit from screening.
Methods

Study cohort
The Malmö Preventive Project study has been previously described. 5 8 The cohort includes 21 277 men (74% of the eligible population) aged 27-52 who participated in the project between 1974 and 1984 and gave a blood sample at baseline. Subsets of men from the age groups were then invited to provide a second blood sample about six years later, and 4922 (72%) of those re-invited complied. Participants' records were linked to the cancer registry at the National Board of Health and Welfare in Sweden to identify men diagnosed with incident prostate cancer up to 31 December 2006. The registry has been shown to be highly accurate. 9 10 Published estimates of rates of PSA screening in Malmö indicate that it was extremely rare before 1995. Between 1995 and 2000, the proportion of men aged 55-69 who received a PSA test increased steadily from <1% to 10%; this proportion remained constant until 2005, after which it fell. 11 Data from the European randomised trial of screening for prostate cancer (ERSPC) 1 2 indicates that screening starts to have an effect on mortality only after eight years or longer of follow-up; moreover, the effect is initially small. Our study database was closed at the end of 2006 and so screening rates up to 1998 are of interest. Given that only about 5% of men would have received PSA screening during this time period, it is unlikely that any informal or opportunistic screening in Malmö could have substantively affected our estimates.
Outcomes ascertainment
We identified 1369 documented clinical diagnoses of prostate cancer, 241 cases of metastasis, and 162 deaths from prostate cancer. Metastasis cases were identified in one of three ways. Firstly, we obtained metastasis data based on stage at diagnosis from the National Prostate Cancer Registry data, with medical charts reviewed for 108 of 114 cases. Secondly, we reviewed medical charts for 1142 of 1369 men with a diagnosis of prostate cancer. This identified an additional 86 men who subsequently developed metastasis. Lastly, two urologists (TB and DU or AG) reviewed cause of death charts from the causes of death registry at the National of Health and Welfare in Sweden and medical charts for 198 of 370 men who died after an earlier diagnosis of prostate cancer; 41 men who died from prostate cancer without previous clinical documentation of metastases were considered to have prostate cancer metastases at their date of death. Of the 162 deaths from prostate cancer, 117 (72%) were independently reviewed, whereas for 45 (28%) cause of death was obtained from the registry. The rate of independent review did not differ importantly by age group. Chart and registry cause of death had a concordance rate of 82%. All chart reviews were conducted independently and blind to PSA concentration at baseline.
Laboratory methods
Assays to measure PSA in previously unthawed archival EDTA anticoagulated blood plasma were as previously described. 7 Concentrations of PSA in samples frozen for over 20 years after the blood was drawn have been shown to be comparable with those in contemporaneously measured serum. 12
Statistical considerations
To examine our specific research questions, we focused our analyses on men close to age 40 (range 37.5-42.5; n=3979), mid to late 40s (range 45-49; n=10 357), and early to mid-50s (range 51-55). The two younger age groups were subsets of the full cohort, with men providing blood at age below 44 (n=9108) or at age 44-51 (n=12 169) at baseline, while men in their early to mid-50s comprised all those who provided a blood sample about six years after baseline (n=4063).
We used a nested case-control design. The methods were as previously described, 7 with three controls selected at random from the group of participants from the Malmö cohort who were alive and event free at the follow-up time at which the index case event occurred. Separate matching was conducted for the endpoints of metastasis and death. Predictive accuracy was assessed with Harrell's concordance index. Total PSA concentrations were measured in samples from all men aged 51-55, which is why we did not use a case-control approach for analyses of data from this age group. Appendix 1 provides a flow chart describing participants.
We estimated absolute risk and the cumulative proportion (Lorenz curve 13 ) of metastases and death by centiles of the PSA distribution. We imputed PSA measurements for men without prostate cancer who were not selected as controls and for a small number of men with prostate cancer whose blood samples were not available (n=23) using predictive mean matching based on age and follow-up time, stratified by case control status. Table  1⇓ summarises the number of men whose blood measurements were imputed for each age group. Confidence intervals were estimated with Rubin's method. 14 A validation study on our imputation method is described in appendix 2.
We used estimates of risk and cumulative proportion to examine a series of practical questions. Firstly, we evaluated whether there was any rationale for starting screening before age 45. We looked at cumulative incidence of metastases at 15 years. We chose this time point on the grounds that, taking into account lead time, metastases occurring more than 15 years later could probably be detected at a curable stage by a repeat screen within seven or eight years. Secondly, we evaluated whether a single test at age 45-49 or age 51-55 could exempt some men from further screening or, conversely, identify a small group of men at greatly increased risk. Thirdly, we determined the screening interval for men at low risk, again by looking at risk of metastases within 15 years. All analyses were conducted with Stata 12 (StataCorp, College Station, TX). Table 1 shows the characteristics of the cases and controls for the respective age groups.⇓ Total PSA concentrations are similar to population estimates from the United States. 15 16 In the cohort as a whole, PSA concentration was significantly associated with evidence of prostate cancer metastasis documented up to 30 years later (P<0.005). Concentrations tended to become more predictive at older ages with a C index of 0.635, 0.719, and 0.749 for the 40 year old cohort, mid to late 40s, and early 50s cohort, respectively. Concentrations were also significantly associated with risk of death from prostate cancer, with C index of 0.670, 0.718, and 0.755, respectively, for the three age cohorts. In the men who returned for a second screening at age 51-55, first and second PSA concentrations were highly correlated (0.71).
Results
We examined whether PSA screening should start at age 40, mid to late 40s or early 50s. Even for men with PSA in the highest 10th (≥1.3 µg/L) at age 40, the risk of prostate cancer metastases by 15 years' follow-up is low (0.6%) ( fig 1⇓) . Although the 95% confidence interval was wide (0.1% to 2.4%) because of the limited number of events in this analysis, it would nonetheless seem likely that only a few tumours would become incurable between the ages of 40 and 45. Therefore it is difficult to justify initiating PSA testing at age 40 for men with no other relevant risk factor (such as mutations in BRCA2, BRCA1, 17 or HOXB13 18 ). In contrast, the risk of metastases within 15 years was close to threefold higher (1.6%) for men in the highest 10th at age 45-49, and close to tenfold higher (5.2%) at age 51-55, suggesting that not starting PSA based screening until age 51-55 would leave an important proportion of men at a considerably increased risk of later being diagnosed with an incurable cancer.
Our second objective was to determine whether men with PSA concentrations below the median in their mid to late 40s could be exempted from further screening. Although the absolute risk of metastasis within 25 years for men with PSA below median at age 45-49 was 0.85%, with a corresponding estimate for men aged 51-55 of 1.63% (fig 1⇓, table 2⇓, and table 3⇓) , a substantial proportion (28%, 95% confidence interval 22% to 35%) of the men with evidence of prostate cancer metastases at long term follow-up (median 27 years) had PSA concentration below median (<0.68 µg/L) at age 45-49, while 18% (95% confidence interval 10% to 26%) had PSA below median (<0.85 µg/L) at age 51-55 (table 4⇓) . These estimates seem too high to conclude that any subsequent PSA based screening would not be necessary for men with PSA below median before age 55. Furthermore, the Lorenz curves in figure 2⇓ clearly illustrate the difficulty to determine any particular PSA concentration at age 45-49 or 51-55 below which the proportion of men dying from prostate cancer by 30 years' follow-up would be sufficiently low to conclude that subsequent PSA testing would not be necessary.
Given that these lower risk men cannot be exempted from subsequent screening, our next question concerned the appropriate screening interval. Figure 1 , table 2, and table 3 show that the absolute risk of metastasis remains low within 15 years' follow-up for men with lower PSA concentrations (that is, age median or lower). One possible cut point to determine more versus less frequent screening would be ≤1.0 µg/L: the risk of metastasis within 15 years is no higher than 0.4% (table  2) for any cohort, suggesting that a screening interval less than five years for these men is unnecessary. The proportions of men with PSA ≤1.0 µg/L were 73% and 59% at age 45-49 and 51-55, respectively; 56% had PSA ≤1.0 µg/L at both time points. Figure 2 and table 4 examine our objective concerning risk concentration: 44% (95% confidence interval 34% to 53%) of deaths within 25-30 years were in men in the highest 10th of PSA concentrations (≥1.6 µg/L) at age 45-49, with a similar proportion in the highest 10th (≥2.4 µg/L) at age 51-55⇓⇓. This suggests that close to half of all prostate cancers destined to lead to death would be detected early by careful surveillance of a small high risk subgroup.
As a sensitivity analysis, we repeated analyses using different age ranges, such as 42.5-47.5 (to assess the characteristics of PSA at age 45). No result was materially affected. We also examined the predictive accuracy of a model including both PSA and PSA velocity compared with PSA alone in men with a second sample. PSA velocity did not improve prediction of death from prostate cancer. Even after we excluded patients with outlying values, the C index increased by only 0.002.
Discussion
Overview of findings
PSA concentration can be used to predict of long term risk of metastasis or death from prostate cancer. It can identify a small group of men at greatly increased risk compared with a much larger group highly unlikely to develop prostate cancer morbidity if rescreening is delayed for seven or eight years. As PSA screening was extremely rare in this cohort, our findings can be used to design screening programmes by determining the age at which men should start to undergo screening and the interval between screenings. Men at low risk of death from prostate cancer without screening have little to gain from being screened but still risk overdiagnosis and overtreatment; men likely to die from prostate cancer without screening could avoid cancer specific mortality if they choose to be screened.
In an earlier paper, we showed that PSA concentration at age 60 had a strong association with the risk of death from prostate cancer by age 85 (AUC 0.90), 7 with extremely low risk (≤0.2%) in men with PSA concentration below the median (≤1.0 µg/L). Taken together with our current data, this suggests a simple algorithm for prostate screening. All men with a reasonable life expectancy could be invited for PSA screening in their mid to late 40s. Men with a PSA concentration <1.0 µg/L would be advised to return for screening in their early 50s and then again at age 60, whereas men with PSA ≥1.0 µg/L would return for more frequent screening, with literature suggesting repeat tests every two or four years. 19 The choice of 1.0 µg/L as a tentative threshold might vary according to preference. At age 60, men with PSA at median or lower-that is, ≤1.0 µg/L (or possibly below the highest quarter, ≤2.0 µg/L, depending on preference)-would then be exempted from further screening; men with a higher concentration would continue to undergo screening until around 70. 1 Particular focus should be placed on men in the highest 10% of PSA concentrations at age 45-55, who will contribute close to half of all deaths from prostate cancer occurring before the age of 70-75. Some of these men will have concentrations above current thresholds for consideration of biopsy-such as 3 µg/L-and should be referred to a urologist. The remaining men could be told that, although they will probably not die from prostate cancer (with a mean risk of metastasis within 25 years close to 10%), they are at much higher risk than average and that it is especially important that they return for regular, frequent, and possibly more elaborate screening. It is also worth considering whether management of these men should become proactive, with reminder letters and attempts to follow-up non-compliers by telephone. Most importantly, the proposed PSA concentration of 1.0 µg/L to discriminate a low from a higher risk group is not suggested to serve as an indication for biopsy but rather be used to determine the frequency and intensity of subsequent monitoring.
Comparison with other studies
Our findings build on a considerable body of work suggesting that PSA concentration can predict the subsequent risk of prostate cancer in unscreened men. In one recent study, men aged 20-94 who gave a blood sample during the Copenhagen City Heart Study were followed for a median of 28 years. A PSA concentration of 4-10 µg/L was associated with a sevenfold risk of death from prostate cancer compared with concentrations ≤1 µg/L. 25 Our study is distinguished by its size (>240 case of metastatic prostate cancer), length of follow-up (>25 years), inclusion of men at ages relevant to decisions about screening, and use of carefully ascertained metastasis or death from prostate cancer as an endpoint. This allows us to develop precise estimates of risk to inform screening policy.
Supportive evidence for our findings comes from van Leeuwen and colleagues, who analysed data from the European randomised trial of screening for prostate cancer (ERSPC). The investigators estimated the overall effect size of PSA screening if subsequent testing had been restricted to men with different PSA concentrations on the initial screening. They reported that among men with concentration <2 µg/L at age 55-69, corresponding to concentrations below the highest quarter among participants in ERSPC, a large number would need to be screened (around 25 000) and treated (around 700) to prevent one death from prostate cancer. 26 An analysis of data from the ERSPC also supports our findings on the screening interval. Fewer than 1% of men with an initial PSA concentration <1 µg/L were found to have a concentration above the biopsy threshold of 3 µg/L at four year follow-up; the cancer detection rate by eight years was close to 1%. This led to a recommendation for an eight year screening interval for men with concentrations <1 µg/L. 27
Limitations
Our cohort was almost exclusively white, and we do not know whether our risk estimates would apply to men of other races. One study on long term association between PSA concentrations and risk of prostate cancer in an unscreened US population reported that "there were no important or statistically significant differences in the performance of [PSA] by race," 21 suggesting applicability of our findings to other ethnicities.
Conclusions
PSA concentrations can indicate not only the current risk of cancer-and hence the need for prostate biopsy-but are also predictive of the future risk of prostate cancer metastasis and cancer specific death. Screening programmes can be designed to focus on men at highest risk, with three lifetime PSA tests between the ages of 45 and 60 sufficient for at least half of the male population. This is likely to reduce the risk of overdiagnosis while still enabling early cancer detection among those most likely to gain from early diagnosis. As such, a risk stratified approach to PSA screening will improve the ratio of its benefits and harms.
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What is known on this topic
Prostate specific antigen screening is widely used for the early detection of prostate cancer but remains highly controversial.
Focusing on the men at highest risk of prostate cancer metastasis and death could improve the ratio between benefits and harms of screening.
What this study adds
It is difficult to justify initiating PSA screening at 40 for men with no other significant risk factor Men with PSA in highest 10th at age 45-49 contribute nearly half of prostate cancer deaths over the next 25-30 years At least half of all men can be identified as being at low risk, and probably need no more than three PSA tests lifetime (mid to late 40s, early 50s, and 60) Tables   Table 1| Concentrations 
